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Abstract
Anterior cruciate ligament (ACL) injuries are among the most common injuries
experienced by athletes in the United States. Even after reconstruction surgery individuals have
been known to develop complications much later in life, including long-term or permanent
alterations to their gait, which may lead to early-onset knee osteoarthritis. This thesis work sought
to define these alterations as they pertain specifically to running. Using results and parameters
from previous studies, the goal of this study is to compare muscle force production strategies, as
they relate to ACL force and strain, of injured and non-injured individuals. These values, muscle
forces and ACL forces and strains, were obtained using OpenSim, which is a free computational
modeling software developed by Stanford University. Running trials were broken down into cycle
phases, and force and strain values were analyzed as such. After averages were calculated for the
injured and non-injured groups, two-sample t-tests were performed to determine significant
differences between the two groups for each gait phase. After analysis of the results, it was found
that there were significant differences between the two groups concerning muscle force production
strategies but not concerning ACL forces and strains. However, injured subjects experienced
higher peak force on the ACL at the second peak of motion as opposed to the first peak at which
the non-injured group experienced a higher peak force. Therefore, because of the significant
differences in muscle force production strategies and peak force values, it can be said that injured
individuals adopt an altered pattern of running when compared to non-injured individuals.
However, based on this investigation, no correlations between muscle force production and ACL
force and strain can be defined. A larger sample size must be employed to confirm these results.
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Introduction
Up to 200,000 people suffer an anterior cruciate ligament (ACL) injury each year in the
United States alone, with one-third of these injuries resulting in ACL reconstruction surgery [1,
2]. The primary role of the ACL is to prevent forward displacement of the tibia in relation to the
femur as well as knee hyperextension during motion. It also guides the knee in the movement of
external rotation. Finally, the ACL limits the amount of stress experienced at the tibio-femoral
joint [2].
When considering the important role of this ligament, it is not surprising that studies have
shown that individuals who have suffered ACL injury may suffer long-term alterations to their gait
which may lead to greater susceptibility of reinjury of the ligament as well as premature
development of osteoarthritis [3]. To look for alterations in gait patterns, it is important to first
know the different phases of gait. For walking, one gait cycle, or stride, is comprised of a stance
phase and a swing phase. Figure 1.1 shows a diagram of the different phases of the gait cycle.
Stance refers to when the foot is on the ground, and swing refers to when it is in the air. The stance
phase can be further broken down into subphases: weight acceptance and mid-to-late stance.
Weight acceptance refers to the portion of the cycle from initial contact (heel strike) to the end of
the loading response (initial impact) [4]. Mid-stance begins when the opposite foot lifts off the
ground and becomes late stance when the person’s center of mass moves forward beyond the leg
that is on the ground, the “supporting” limb [5]. These subphases and the ground reaction forces
(GRF) associated with them are shown in Figure 1.2.
Many ACL studies focus on analyzing the stance phase because this is when the knee
experiences the greatest loading. It also accounts for about sixty percent of the whole gait cycle
[5].
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Figure 1.1. Phases of the Walking Gait Cycle [5].

Figure 1.2. Ground Reaction Forces during Stance Phase of Walking.
Running, like walking, consists of two main phases: stance and swing. A diagram of the
gait cycle for running is displayed in Figure 1.3. The stance phase consists of the braking and
propulsive phases [4, 6]. The braking phase can be defined as the portion of stance from initial
contact (IC), or heel strike, to the point at which the leg is positioned just below the hip joint [4,
7]. Within this phase, there is a point of initial impact (Fig. 1.4). There are two ways to determine
where this point of initial impact lies. The first is to find the first ground reaction force peak, as
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labeled in Figure 1.4, and define this point as the point of initial impact. However, not all runners
employ a heel strike method when running. Some strike the ground first with their forefoot, and
runners who run this way do not produce this initial impact peak [8]. Therefore, in this case, the
point of initial impact is defined as the point of GRF that occurs after forty percent of the total
braking phase time has passed [4]. The propulsive phase begins after the braking phase when the
ankle is at maximum flexion with respect to the knee, beginning to “propel” the body forward, and
it ends when the toe leaves the ground (TO) (Fig. 1.4) [7].

Figure 1.3. Phases of Running gait [6].

Figure 1.4. Ground Reaction Forces during Stance Phase of Running [9].
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Many studies have been conducted on those who have torn their ACL in the hopes of
identifying kinematic and kinetic factors that may be the underlying cause of abnormal gait. Most
of these studies focused on analyzing the gait cycle of walking. One such study was conducted by
Andriacchi and Dyrby (2005) with the purpose of further evaluating the relationship between
extrinsic forces acting on the knee and knee kinematics to determine what specific phases of the
gait cycle could lead to abnormal kinematics in a knee following ACL rupture [10]. Using a
conventional motion capture system and in-ground force plate, the authors analyzed anteriorposterior translations and internal-external rotations at both the injured and non-injured knees of
eighteen individuals post-ACL rupture. It was found that, at the terminal portion of swing phase,
the average maximum anterior displacement was significantly less in the ACL deficient knee
versus the normal knee. The average maximum external rotation was also significantly less in the
ACL deficient knee. In addition, the average position of the ACL deficient knee seemed to be more
internally rotated than the healthy knee. The degree to which the knee internally rotated increased
as flexion increased in the weight acceptance phase. The anterior-posterior position of the tibia
was also more posterior as flexion increased during weight acceptance. It was also found that the
magnitude of flexion was more variable among the ACL deficient group [10].
The authors concluded that this reduced external rotation in the ACL deficient knee may
coincide with a change in the normal mechanism of tibiofemoral rotation, and this is what produced
the trend towards greater internal rotation in the ACL deficient knee during stance phase. They
also attributed the reduced anterior rotation at the end of swing phase to the reduced external
rotation at the end of swing phase. General conclusions made by the authors included that the lack
of an ACL can alter the normal position of tibiofemoral contact and that the muscles in the leg
must change their firing patterns to compensate for the lost ACL. They also concluded that the
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variability in flexion magnitude among the ACL deficient group was due to the varied time since
injury and projected that these kinematic and kinetic differences may have adverse consequences
in the menisci and cartilage of an ACL deficient knee [10].
Another study on walking was conducted by Hurd and Snyder-Mackler (2007) with the
purpose of examining the gait patterns, specifically during the weight acceptance and mid-stance
phases, of a group experiencing knee instability after ACL rupture [11]. This investigation
included twenty-one subjects who exhibited knee instability after ACL rupture, deemed “noncopers” by the research staff at the University of Delaware [11]. These “non-copers” were
individuals who would later have to undergo ACL reconstruction surgery to return to pre-injury
activities [11]. Data was collected using a motion-capture system and a force plate on which the
subjects walked. Electromyography (EMG) data was collected from the vastus lateralis and
medialis, tibialis anterior, medial and lateral gastrocnemii, soleus, and medial and lateral
hamstrings for both the injured and non-injured limbs of each subject [11].
In this study, another metric that was used to determine factors related to knee instability
was muscle co-contraction ratio (CCR) [11]. CCR is a measurement that indicates which muscles
generate more force during a phase of gait [12]. It will also indicate how much certain muscle
groups are generating force at the same time (“co-contracting”) [13]. In this paper, Hurd and
Snyder-Mackler focused on finding the CCR for quadriceps and hamstrings muscle pairs, as well
as quadriceps and gastrocnemius muscle pairs [11]. Oftentimes, co-contraction is employed by
injured or elderly individuals to provide greater stability for joint movement, such as knee bending
and walking. All individuals employ some amount of co-contraction during certain movements.
However, the value of the co-contraction ratio will demonstrate just how much the individual is
employing this mechanism for stability [13].
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For the weight acceptance phase, it was found that sagittal plane knee excursion was
significantly lower, and muscle co-contraction was higher for the quadriceps-hamstrings group on
the injured limb, indicating that the injured subjects were activating the quadriceps and hamstrings
at the same time with both producing comparable amounts of force. Considering moments, knee
moment at peak knee flexion was less, and contribution from the knee to total support moment
was also less on injured limb. However, during this phase, the hip was the joint that was making
up for the lessened contribution from the knee. There was lower quadriceps and soleus activity but
higher hamstrings activity on the injured limb [11].
For the mid-stance phase, again, the sagittal plane knee excursion was lower, and muscle
co-contraction for the quadriceps-hamstrings muscle group was higher on the injured limb. Knee
moment at peak knee extension was lower, knee contribution to total support moment was lower,
and ankle contribution to total support moment was significantly higher on the injured limb. When
examining muscle activity, hamstrings activity was greater, and soleus activity was lower on the
injured limb [11].
Hurd and Snyder-Mackler concluded that the lower sagittal plane knee motion and higher
quadriceps-hamstrings muscle co-contraction confirmed the presence of a stiffening mechanism
adopted by “non-copers” [11]. Though they found that muscle co-contraction was less during midstance, they argued that any increase in co-contraction from the non-injured to the injured limb
can be detrimental to the knee in the future. The authors also classified the greater contribution of
the ankle to the total support moment as an attempt by the “non-coper” to transfer the load away
from the knee. They also noticed that for the injured limb, the hamstrings muscles remained active
for the period between weight acceptance and midstance which was not the case for the non-injured
limb. The authors postulated that the hamstrings are also heavily involved in stabilizing the injured
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knee. In addition, the lessened activity of the soleus during mid-stance may contribute to the
greater knee flexion of the injured knee because the role of the soleus is to control tibial motion in
the sagittal plane. The quadriceps activity remained the same for both weight acceptance and midstance and therefore, cannot be said to contribute to lower knee flexion moment. In addition, based
on the results of this study, it may not be said definitively that altering quadriceps activity is an
effective method to control knee flexion during mid-stance [11].
There have been a few studies that have investigated running gait patterns in those who
have torn their ACL. One study was conducted by Noehren et al. (2013) [14]. This investigation
sought to examine differences in gait, both walking and running, between individuals who had
undergone ACL reconstruction surgery, and those who had not previously experienced a knee
injury. The specific metrics they were investigating included impact forces, loading rates, and
kinematic as well as force data in the sagittal plane. Loading rate refers to the amount of ground
reaction force applied per second. In this investigation, loading rate during running was measured
between twenty and eighty percent of the time from initial foot contact to initial impact. This study
was significant because the investigators found that during running individuals who had undergone
ACL reconstruction surgery had significantly higher initial impact GRFs and loading rates than
healthy individuals. The authors concluded that these increased force measurements may be the
cause of overuse injuries in these previously injured individuals [14].
The current investigation has taken the conclusions made from the above studies to
determine whether other metrics further support alterations in gait patterns during running for
individuals who have experienced an ACL injury. Running will be investigated for a number of
reasons: 1) Less is known about the kinematics and kinetics of running because it is not studied as
often; 2) The population most affected by ACL injury consists of athletes, most of whom seek
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clearance for a sport that involves running; 3) Running is more demanding than walking and
perhaps may exaggerate some of the results obtained from previous studies done on walking. The
parameters to be investigated include net total muscle force production, net flexor and extensor
muscle force production (FECCR), net medial and lateral muscle force production (MLCCR),
ACL length, ACL force, and ACL strain. These parameters will be measured for each subject for
the different phases of stance in running: the muscle forces for the braking and propulsive phases,
the ACL lengths, forces, and strains for the braking and propulsive phases, as well as the
subphases, heel strike and initial impact (Figs. 1.3, 4). The purpose of this investigation is to not
only determine whether these parameters yield significant differences between an injured and a
non-injured group, but also to establish any relationships that exist among them. The hypothesis
for this investigation is that the two groups, injured (ACLR) and non-injured (control), will exhibit
significant differences in some, if not all, of these categories and that there will be a positive
relationship between net muscle force production and ACL strain and force, as well as a positive
correlation between quadriceps force production, in particular, and ACL strain and force.
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Methods
Data Collection
Data collections took place at the University of Kentucky under the assistance and
supervision of Dr. Kristin Morgan. A total of thirty-three individuals participated in the study:
twenty-one subjects who had previously undergone ACL reconstruction surgery (ACLR) (12
males, 9 females; age: 20.3 ± 5.9 years; height: 1.7 ± 0.08m; mass: 71.7 ± 11.0 kg; BMI: 23.4 ±
2.7; speed: 2.7±0.3 m/s) and twelve healthy individuals who had not previously experienced a knee
injury (6 males, 6 females; age: 21.2 ± 4.3 years; height: 1.7 ± 0.1m; mass: 63.3 ± 14.6 kg; BMI:
21.6 ± 2.6; speed: 2.6±0.3 m/s). These twelve healthy subjects would serve as controls. Before the
data recordings took place, each subject was marked with fifty-six retro-reflective, motion capture
markers, placed on major landmarks of the body. As the data collection began, each subject stood
on a split-belt treadmill and began a running warm-up from which they would pick a comfortable
pace at which they would continue the trial. Motion capture data was collected using motion
capture cameras, and ground reaction force data was collected from force plates within the
treadmill. A total of ten strides of running data was collected for each subject at his or her selfselected pace [15].

Computational Modeling
The marker trajectories collected from the motion capture system as well as the GRF data
was input into OpenSim, which is a computational modeling system developed at Stanford
University for “modeling, simulating, controlling, and analyzing the neuromusculoskeletal
system” [16]. This software was used to develop individualized models for each subject based on
the input parameters mentioned above, as well as each subject’s demographic data, i.e. height and
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weight (Table 2.1, 2.2). Each model consisted of fourteen segments, thirty-seven degrees of
freedom, and ninety-two muscles/tendons/ligaments [15]. Ligament length and strain were
obtained by performing inverse kinematics on the models. Muscle and ligament forces to be
analyzed in this investigation were obtained by performing static optimization [15]. This model
development and analysis was performed by Helia Mahzoun Alkzakerin, a graduate student in Dr.
Kristin Morgan’s Sports Optimization and Performance Laboratory at the University of
Connecticut.

Figure 2.1. OpenSim Model. A) Full Body Model – pink dots are markers, red lines are
muscles, green is ACL; B) Close-up of ACL.
Table 2.1. ACLR Subject Demographic Data and Self-Selected Running Speeds
Subject
Number

Age

Sex

Height (m) Weight
(kg)

BMI

ACL 01
ACL 02
ACL 03
ACL 04
ACL 05
ACL 06
ACL 07

22
18
15
36
16
15
18

M
M
F
M
F
F
M

1.7
1.8
1.8
1.8
1.7
1.7
1.8

23.6
21.8
21.5
28.9
20.4
22.1
23.4

70.4
69.0
68.1
94.0
59.0
62.2
74.0

Running
Speed
(m/s)
2.8
2.9
2.4
2.9
2.6
2.6
3.0

14
ACL 08
ACL 09
ACL 10
ACL 11
ACL 12
ACL 13
ACL 14
ACL 15
ACL 16
ACL 17
ACL 18
ACL 19
ACL 20
ACL 21

18
16
20
18
15
32
15
21
16
22
24
19
31
27

M
F
F
M
F
M
F
M
F
M
M
M
M
M

1.9
1.8
1.6
1.7
1.6
1.7
1.6
1.7
1.7
1.7
1.8
1.8
1.9
1.9

74.9
61.3
70.4
63.6
54.5
77.2
63.6
81.7
59.0
68.1
88.5
90.8
84.0
87.3

21.2
19.9
28.3
21.9
20.0
25.8
24.8
22.5
21.3
22.5
25.7
27.9
23.8
24.2

3.1
2.8
2.0
3.2
2.5
2.6
2.5
2.7
2.9
2.5
2.9
2.5
2.8
2.4

Table 2.2. Control Subject Demographic Data and Self-Selected Running Speeds
Subject
Number

Age

Sex

Height (m) Weight
(kg)

BMI

Control 01
Control 02
Control 03
Control 04
Control 05
Control 06
Control 07
Control 08
Control 09
Control 10
Control 11
Control 12

24
24
23
18
18
18
18
18
19
19
18
31

M
F
M
F
F
F
M
F
M
F
F
M

1.9
1.7
1.7
1.5
1.7
1.5
1.8
1.5
1.8
1.6
1.6
1.8

23.7
21.7
22.0
19.2
19.5
19.2
19.6
27.5
22.4
20.4
19.9
24.5

85.4
62.7
63.6
43.2
56.4
43.2
63.6
61.8
72.7
52.3
50.9
79.5

Running
Speed
(m/s)
2.7
3.0
2.6
2.6
3.0
2.1
2.9
2.3
2.6
2.2
2.3
2.9

Muscle Co-Contraction Ratio
The individual muscle force data extracted from OpenSim were used to find net total
muscle force production, net flexor and extensor muscle force production (FECCR), and net
medial and lateral muscle force production (MLCCR) at the different phases of running: the
braking phase and the propulsive phase. This data was processed and extracted by Helia Mahzoun
Alzakerin. The data was split into these categories to determine whether there were significant
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differences between the ACLR and control groups in any of these categories. The first category,
net total muscle force production refers to the total amount of force generated by all muscles during
each phase of the running trial. It was found by first splitting up each subject’s muscle force data
into strides. Then each stride was further split into the braking and propulsive phases. For each of
these phases, for each muscle measured, the average muscle force was found and normalized to
the maximum isometric force of that specific muscle generated by the subject model in OpenSim.
These muscle force values for each muscle were then averaged together per phase to find the net
total muscle force production per phase. Then, these values were averaged per subject for the
braking and propulsive phases to include all ten braking and all ten propulsive phase values per
trial. At the end of this process, each subject had two averaged values: one net total muscle force
production for braking phase and one for propulsive phase. These two values were the values used
for comparison among all thirty-three subjects. A higher net total muscle force production value
meant that more force was produced in all the muscles for that phase [17].
In calculating FECCR, flexor muscles can be defined as those muscles which aid in flexion
at a joint, and extensor muscles are those muscles which aid in extension at a joint [18]. In this
investigation, the activity of the flexor and extensor muscles that cross the knee joint specifically
were analyzed. The knee flexor muscles examined included the semimembranosus, biceps femoris,
medial gastrocnemius, and lateral gastrocnemius. The knee extensor muscles examined included
the rectus femoris, vastus lateralis, and vastus medialis [15]. Medial and lateral muscles, those
used to calculate MLCCR, refer to the positions at which the muscles are in relation to the midline
of the body. The medial muscles in the lower limb included in this investigation were the
semimembranosus, the vastus medialis, and the medial gastrocnemius. The lateral muscles
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included biceps femoris, vastus lateralis, and lateral gastrocnemius [15]. The location of these
muscles of interest are shown in Figure 2.1.
The co-contraction ratios (CCRs) for net FECCR and net MLCCR were calculated for both
phases of running, braking and propulsive, for each subject averaged among all strides just as with
net total muscle force production mentioned above [15]. The CCRs were found using the two
equations below. If the mean extensor/medial, or agonist, forces were greater than the mean
flexor/lateral, or antagonist, forces, the equation,
𝐶𝐶𝑅 = 1 −

𝑎𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝑚𝑒𝑎𝑛 𝑚𝑢𝑠𝑐𝑙𝑒 𝑓𝑜𝑟𝑐𝑒𝑠
𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝑚𝑒𝑎𝑛 𝑚𝑢𝑠𝑐𝑙𝑒 𝑓𝑜𝑟𝑐𝑒𝑠

(1)

was used. If the mean agonist forces were less than the mean antagonist forces, the equation,
𝐶𝐶𝑅 =

𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝑚𝑒𝑎𝑛 𝑚𝑢𝑠𝑐𝑙𝑒 𝑓𝑜𝑟𝑐𝑒𝑠
𝑎𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝑚𝑒𝑎𝑛 𝑚𝑢𝑠𝑐𝑙𝑒 𝑓𝑜𝑟𝑐𝑒𝑠

−1

(2)

was used [12]. Thus, if the subjects exhibited a greater reliance on the extensor muscles over the
flexor muscles, they would have a positive CCR for this category. If the subjects exhibited a greater
reliance on the flexor muscles, they would have a negative CCR for this category. The same goes
for the medial/lateral category. Greater reliance on the medial muscles means a positive CCR
value, while greater reliance on the lateral muscles means a negative CCR value.
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Figure 2.1. Diagram of muscles in the leg. This diagram shows where the muscles of interest for
the co-contraction ratios are located [19].

ACL Length, Strain, and Force
The inverse kinematics tool in OpenSim was also used to determine ACL length, strain,
and force throughout the running trials. Using a MATLAB code developed in Dr. Morgan’s
laboratory, the position data for both the tibia and femur of the subject model as well as the resting
length of the ACL were input to determine the length, force, and strain on the ACL for each subject
at four different phases and subphases of running: initial impact, heel strike, braking, and
propulsive phases. ACL resting length refers to the length of the ligament when the subject was

18
standing, not running. In other words, it is the initial length of the ACL before the running motion
causes strain. Strain was measured as:
𝜀=

∆𝐿
𝐿

(3)

where ε is the strain, ΔL is the change in length of the ACL, and L is the resting length. All
measurements of strain were taken with respect to the resting length.
In addition to this force and strain data, the mean first and second peak forces on the ACL
during running were also determined for each subject.

Statistical Analysis
For the mean net total muscle force production, mean FECCR, mean MLCCR, as well as
mean ACL length, mean strain, and mean force for each subject for the different phases of running,
two-sample t-tests were conducted to determine whether significant differences existed in the
above categories between the ACLR group and the control group. The statistical analysis for the
muscle force production data was conducted by Helia Mahzoun Alzakerin and later compared to
the analysis performed on the ACL force and strain data. A two-sample t-test compares two
population means to determine whether they are statistically different [20]. These t-tests were
performed in Minitab (Minitab 18 & 19, Minitab Inc., State College, PA, US). A p-value below
0.05 was considered significant. Therefore, samples in a t-test that returned a p-value lower 0.05
could be labelled as significantly different. After these were completed, the results of all tests were
compared to determine whether any conclusions about a potential correlation between muscle
force production strategies and ACL force and strain could be made. T-tests were also performed
to determine significant differences in ACL first and second peak forces during running between
the two groups.
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Results
Muscle Force Production Strategies and Co-contraction Ratios
After comparing the mean net total muscle force production, mean FECCR, and mean
MECCR for the ACLR and control groups through two-sample t-tests, it was discovered that for
the FECCR and MECCR, there were significant differences between the ACLR and control
groups. Specifically, during both the braking and propulsive phases of running there were
significant differences in FECCR (Fig. 3.1B). The p-value derived from the t-tests for both braking
and propulsive phases were less than 0.001. As seen in Figure 3.1B, the ACLR group exhibited a
much greater force in the extensor muscles, i.e. the quadriceps muscles, during both braking and
propulsive phases than in the flexor muscles, i.e. the hamstrings. The control group on the other
hand demonstrated a more balanced force production strategy as the quadriceps and hamstrings
muscles were both active within the group during their running trials.
When comparing the mean MECCR, there were also significant differences between the
ACLR and control groups during the propulsive phase (Fig. 3.1C). The p-value for this t-test was
less than 0.001. As seen in Figure 3.1C, the control group again uses both medial and lateral
muscles to generate force whereas the ACLR group relies much more heavily upon the medial
muscles for force production. Even though the differences are not considered significant, it is also
worth noting that the range of MECCR values during the braking phase also differ between the
two groups.
In examining the net total muscle force production in Figure 3.1A, there were no
significant differences between the ACLR group and the control group for both braking and
propulsive phases. The p-values obtained from the t-tests were greater than 0.05. However, though
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the force production did not vary significantly between the two groups, they did vary slightly
especially during braking, and this is further proof of altered gait patterns in the ACLR group.

Figure 3.1. Differences in mean muscle force productions between ACLR and control
groups for the braking and propulsive phases. Bold asterisk above samples indicates significant
difference between two groups. Gray asterisk indicates an outlier. A) Differences in net total
muscle force production; B) Differences in net FECCR; C) Differences in net MLCCR [15].

ACL Length, Force, and Strain
Average ACL length, force, and strain for each subject during each phase of running: heel
strike, initial impact, braking, and propulsive phases, were compared for the ACLR and control
groups. Due to extreme outliers in the values for these metrics, three subjects (ACL 15, Control 6,
and Control 8) were excluded from this specific analysis. In addition, mean first and second peak
forces on the ACL during running were also compared.
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Table 3.1. Statistical Analysis of ACL Lengths at Different Phases of Running Trials
Subject Group
ACL:

Phase

Mean Length (mm)

Heel Strike
Initial Impact
Braking
Propulsive

35.45 ± 1.52
35.62 ± 1.45
35.58 ± 1.43
35.88 ± 1.30

Heel Strike
Initial Impact
Braking
Propulsive

34.16 ± 1.71
34.34 ± 1.73
34.25 ± 1.72
34.86 ± 2.00

Control:

Table 3.2. Statistical Analysis of ACL Forces at Different Phases of Running Trials
Subject Group
ACL:

Phase

Mean Force (N)

Heel Strike
Initial Impact
Braking
Propulsive

569 ± 150
610 ± 131
602 ± 130
672 ± 143

Heel Strike
Initial Impact
Braking
Propulsive

580 ± 317
623 ± 298
601 ± 305
748 ± 436

Control:

Table 3.3. Statistical Analysis of ACL Strains at Different Phases of Running Trials
Subject Group
ACL:

Phase

Mean Strain

Heel Strike
Initial Impact
Braking
Propulsive

2.37 ± 0.63
2.54 ± 0.54
2.49 ± 0.58
2.80 ± 0.60

Heel Strike
Initial Impact
Braking
Propulsive

2.42 ± 1.32
2.60 ± 1.24
2.51 ± 1.27
3.11 ± 1.82

Control:
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Table 3.4. Statistical Analysis of ACL Peak Forces
Subject Group
ACL:

Peak Force

Mean Force (N)

First
Second

807 ± 244
855 ± 214

First
Second

931 ± 475
810 ± 429

Control:

According to Tables 3.1-3.4, there are no significant differences between the two groups
for any of the metrics measured above. For the values in Table 3.1, the p-values for ACL length
did come very close to 0.05. However, since ACL lengths vary per individual, strain is a better
comparison between groups because it is normalized to the resting length of the ACL. Though not
significant, looking at Table 3.3 there are differences in ACL strain between the two groups,
especially during the propulsive phase. There is, in fact, less average strain in the ACLR group
than in the control group. It is important to note here that the change in values of strain and force
between phases are comparable shown in Tables 3.2, 3. This is because the amount of force on
the ligament is directly responsible for the strain it experiences. Thus, just as with strain, the
greatest difference in ACL force is during the propulsive phase, with less force acting on the ACL
in the injured group. This is enough to confirm that gait alterations are present in ACLR individuals
during running. However, because significant differences do not exist for both muscle force
production strategies, and ACL force and strain, whether a relationship exists between them cannot
be expressed with certainty.
On the other hand, one thing to consider in Table 3.4 is the difference in the higher force
peak. Normally, the force on the ACL is greater in the first peak and not the second peak, as
demonstrated by the control group in this investigation [15]. However, for the ACLR group, the
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mean second peak force is greater than the first. These differences further validate the existence of
altered running gait patterns in injured individuals.
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Conclusion and Future Work
After this investigation, it can be said that, though there is no definitive relationship
between muscle force production strategies and ACL force and strain during running, there are
alterations in gait patterns. When focusing specifically on CCR and muscle force production
strategies, though not significant, there were slight differences in net total muscle force production,
especially during the propulsive phase. There were, however, significant differences between
which muscles were being activated during which phase. One of these differences was
demonstrated in the mean FECRR values by the greater reliance on the quadriceps muscles shown
by the ACLR group during both the braking and propulsive phases of running. In a study conducted
by Sloniger et al. (1997), muscle activation was measured for various muscles in the leg during
horizontal running [21]. The subjects were all healthy women who were experienced runners.
Sloniger et al. found that during horizontal running, the hamstrings muscles were most activated,
while the quadriceps muscles were the least activated [21]. Examining the control group in the
investigation, both quadriceps and hamstring muscle groups were activated during running (Fig.
3.1B). In fact, especially during the propulsive phase, there seems to be a greater reliance on the
hamstrings, with much less reliance on the quadriceps for the control group. The results obtained
from this investigation, therefore, closely mimic those obtained from the Sloniger et al. study, and
thus it can be said that healthy individuals, in the propulsive phase of running, demonstrate a
greater reliance on their hamstrings muscles, though the CCR is not as biased in that there is still
significant quadriceps activity. However, for the ACLR group, this could not be further from the
truth. This group seems to use their hamstrings very little, if at all, during both the braking and
propulsive phases of running. This difference in muscle force production strategy is what may
ultimately contribute to injured leg stiffness during running. This would agree with the conclusions
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drawn by Hurd et al. that injured individuals adopt a stiffening mechanism during dynamic tasks
such as walking and running [11]. The reason for this would be that the extensor muscles, i.e. the
quadriceps, are much more active during running than the hamstrings causing the leg to remain in
an extended position with limited flexion.
When comparing the muscle force production strategies between the medial and lateral
lower limb muscles using MLCCR, it was found that there was a significant difference between
the ACLR and control groups during the propulsive phase. The ACLR individuals seemed to rely
more heavily on their medial muscles whereas the controls relied on both with their mean
MLCCRs ranging from about -0.5 to 0.5. This greater reliance on the medial muscles can also
cause gait alterations, one of them being, perhaps, less external rotation at the knee joint than a
healthy individual. If the medial muscles are producing greater force than the lateral muscles, this
implies that there would be less of a force pulling in the lateral direction and more force pulling in
the medial direction. Therefore, the injured knee is more likely to experience greater internal
rotation and less external rotation at the propulsive phase of running. These results are in line with
those collected from the Andriacchi and Dyrby study mentioned in the introduction [10]. Though
they only looked at walking, the investigators noticed that an individual who experienced ACL
rupture had limited external rotation [10]. It should be noted that in Andriacchi and Dybry’s study,
the subjects did not undergo ACL reconstruction surgery. Yet, the subjects analyzed in the current
investigation exhibited similar results even after having gone through the reconstruction surgery.
In analyzing ACL length, strain, and force during the four phases and subphases of running,
there were no significant differences among any of them. As mentioned in the results, some of the
differences among lengths were close to significant, one p-value being as low as 0.052. However,
though these findings are close to significant, there are a few factors to be considered. ACL length
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may just be different between the two groups because of, perhaps, a substantial difference in their
resting lengths. This difference in length may or may not be a result of the reconstruction surgery.
This was not investigated for this paper. Therefore, because of these factors and a small sample
size that did not show consistent results, nothing can be said definitively about the difference in
lengths of the ACLs of the two groups. Since strain is normalized to the initial resting length of
the ligament, this metric is better for a comparison among all subjects. Looking at the strain values,
though not significant, it was mentioned in the results section that there were some differences in
strain experienced between the two groups at the different phases of running, especially during the
propulsive phase. Comparing this finding to that of the other metrics in this investigation, it can
be said that gait alterations in running do exist in the ACLR group most apparently in the
propulsive phase. For strain and force, the ACLR group experienced less force and less strain
during the propulsive phase than the control group. Perhaps, this is related to the stiffening
mechanism found in injured individuals in that, because of greater quadriceps force and decreased
knee flexion, as mentioned above, the injured population experiences less strain and less force on
the ACL during the propulsive phase. In addition, this decreased flexion could lead to an increase
in tibio-femoral contact and could lead to implications about the development of knee
osteoarthritis. This conclusion may lead to further investigation to confirm whether there is a
definitive relationship between muscle force production strategies and strain, since due to lack of
significance in this study, a relationship could not be confirmed. Therefore, in this investigation,
the hypothesis was partly confirmed in that there were differences, some significant, in all metrics
evaluated that do point to altered patterns of running in the ACLR population. However, because
of a lack of significant differences between net total muscle force production, as well as ACL strain
and force between the ACLR and control groups, a positive relationship, let alone, any visible
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relationship between these two metrics could not be confirmed. For the final portion of the
hypothesis, again due to lack of significance in ACL strain data, a correlation between quadriceps
force and ACL strain could not be proven one way or another. However, basing conclusions off
the difference that did exist in strain during the propulsive phase, there may be a relationship
between increased quadriceps force and decreased ACL strain, that may be further demonstrated
by the stiffening mechanism adopted by ACLR individuals. This assertion was not confirmed in
this study and requires further investigation.
In the future, this same investigation should be repeated with more subjects and the results
compared to definitively determine significance and whether these results can be applied to a larger
population. In addition, another metric to investigate would be the knee angles during running to
determine whether there is in fact decreased flexion in the injured population as conjectured, as
well as less external rotation. It should also be noted that there are certain limitations associated
with this study aside from the sample size. These limitations include the inherent error associated
with computational modeling. Computational modeling provides an estimate of what a person’s
ligament and muscle forces should be based running speed and demographic data. These values
cannot be measured in real time, and thus using computer-generated models is a useful tool.
Though there may be some error in the results obtained, the accuracy is enough to make a valid
comparison between the ACLR and control groups in this investigation.
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